The study of metabolism during intensive patient care The maintenance of metabolism during severe illnesses may be defined as the provision of the observed or predicted need for calories, water, electrolyte, nitrogen and other essential nutrients so as to preserve normal metabolic processes and prevent significant change in the acid-base state.
Nature and size of the problem
In an illness of moderate severity or short duration neglect of nutrition may not be serious, but this cannot be said of the serious illnesses which need Intensive Therapy, especially when complicated by trauma, sepsis or abnormal electrolyte loss. In these situations neglect of metabolic care may prove fatal, or predispose to further complications and protracted hospital stay. In the past it has been held that the metabolic response to illness or trauma was an effect of the disease state and was both inevitable and irreversible. 'This tissue breakdown in response to injury or surgery is almost certainly due to an increased secretion of cortical hormones by the adrenal glands.... It is not possible to prevent this loss of tissue by dietary measures and, in so far as it seems to be a physiological response, there is little justification for attempting to do so' (Davidson & Passmore, 1966) . This view probably originated frQm tfie early observations on the metabolic response t& trauma which revealed increased nitrogen losses in the urine (Cuthbertson, 1930) which could not be prevented by eating a diet rich in first-class protein (Cuthbertson, 1942) . If measures are taken to provide food over and above the patient's spontaneous appetite, it is possible to reverse the negative nitrogen balance which is a feature of the metabolic response to surgery (Riegel et al., 1947) or burns (Meyer, Hirschfeld & Abbott, 1947) .
The present studies were largely conducted in an Intensive Care Unit on patients with various acute medical illnesses, especially respiratory failure, pulmonary infection and accidental or surgical trauma. It was necessary to devise a system of metabolic care which would help in the day-to-day management of patients with serious illnesses, provide optimum nutrition via the naso-gastric or intravenous routes, and maintain the acid-base state as closely as possible to normal.
Methods for the study of metabolism
Since Claude Bernard first pointed to the constant nature of the 'milieu interieur' (Bernard, 1859) medical science has striven to apply this concept to the problems of metabolic care. Before any advance in therapeutics was possible, however, it was necessary to know as much as possible about the extracellular and cellular compartments; their chemical composition and the qualitative and quantitative changes in disease. Several methods for obtaining this information have been developed. Post-mortem or post-surgical material may be examined (Forbes & Lewis, 1956 ) but this method clearly has no direct application to therapeutics. A similar anatomical method, but with equal disadvantages, uses small tissue samples, such as skeletal muscle (Mudge & Vislocky, 1949; Ariel, 1952; Cooke et al., 1952; Talso, Spafford & Blaw, 1953; Barnes, Gordon & Cope, 1957; Litchfield & Gaddie, 1958; Bergstrom, 1962) .
Biochemical investigations employing non-radioactive dilution methods have been used to assess the body composition (Crooke & Morris, 1942; Cruickshank & Whitfield, 1945; Schwartz, Schachter & Freinkel, 1949; Courtice & Guntar, 1949; Edwards & White, 1960) but the results show variations according to the materials used. Thus although sucrose, inulin and thiosulphate may all be used to measure the extracellular fluid volume, the three results all vary to a significant extent because of differences in distribution (Ikkos, 1955) . Furthermore, the results by some methods, such as sucrose space, may vary in the same healthy individual throughout 24 hr (Peterson, O'Toole & Kirkendahl, 1959) . With the introduction of reliable flame photometry it became possible to measure accurately the electrolyte contents of the serum and some of the body fluid compartments; normal values were then available for diagnosis. Interpretation of serum electrolyte values, however, requires an appreciation of the sometimes gross errors in their measurement (Thomson & Jones, 1965) and of the biological variables which affect the final common denominator of concentration (Scribner & Burnell, 1956; Wynn, 1957) .
The introduction of isotope methods facilitated the study of the body compartments and supplied a means of measuring the exchanges of water and electrolyte. Some of the compartments now measurable with isotopes are given in Table 1 . Since the losses of nitrogen and electrolyte in the stool and from the skin are normally small, the application of corrections for these losses enables a balance picture to be obtained from urinalysis alone, although fluid balance is less accurate because of large variations in the insensible water loss (Blainey & Squire, 1960) .
Several facts require appreciation before the method is used clinically. The dietary intake must either be of known constant value, or duplicate (Schamberg et al., 1913; Martin & Robison, 1922; Mitchell, 1926; Smith, 1926 (Mendel & Fine, 1912; Mitchell, 1926) and is slightly greater with liquid diets, than solid diets (Forsyth, Shipman & Plough, 1954) , so that the corrections are sufficiently accurate for clinical purposes.
A false picture of the metabolic balance of a factor will arise if there is a change in the size of the body pool for that factor. Nitrogen balance, for example, will seem falsely positive in the presence of a rising blood urea, or falsely negative if the urea falls. A further correction is needed if the body pool varies in size during the balance study.
In spite of these limitations the extensive use of balance studies over the last 20 years is adequate testimony of its value. The method compares favourably with isotope methods, although the latter give more precise information at any one instant of time, are more rapidly performed and have no cumulative errors . Balance measurements, furthermore, can provide a dynamic picture of total metabolic exchanges over any required period oftime. The techniques employed by the writer require no elaborate apparatus and can be completely supervised by nursing and junior laboratory staff (Jones & Peaston, 1966) .
Some of the earlier results of the method provided basic observations on the metabolic response to injury, and since the observations of Cuthbertson (1930) balance data have been used to study various conditions, some of which are shown in Table 2 .
Technique for external metabolic balance Application of the method requires the collaboration of medical, nursing and laboratory staff. In the studies to be described, urine was collective into 4-litre polyethylene bottles containing about 5 ml of a preservative (Racasan, Ellesmere Port, Cheshire) or a few crystals of thymol. In patients with selfretaining urinary catheters, the urine drained into graduated plastic bags and was transferred at the end of the 'balance day'. The 'balance day' started at 08.00 hours on one day and ended at 08.00 hours the next. The intake, if by naso-gastric tube, was entered in the column (Fig. 1) (Wootton, 1964) of the original Kjeldahl method (Kjeldahl, 1883) . Urea was measured on a Technicon AutoAnalyzer (Wootton, 1964) , and urinary ammonia by the Conway microdiffusion method (Conway, 1947) . Corrections for non-urinary losses Corrections were applied for water lost in the stool and from the skin, for variations in blood urea, for electrolyte lost in the stool and sweat, and for nitrogen lost by these routes. As far as possible patients with diarrhoea were excluded from study in view of the considerable nitrogen losses which occur.
In the afebrile subject without diarrhoea or oliguria, and with no abnormal losses as sweat or gastric aspiration, a correction was made for water of 900 ml lost from the skin and lungs per 24 hr and 100 ml from the stool (Randall, 1952; Scribner & Burnell, 1956) . A further loss of 500 ml was made for each 1 F of fever (Elkington & Danowski, 1955) .
Data for electrolytes lost in insensible perspiration are variable; the range is 0-20 mEq/ll for sodium, and similar values are given for potassium and chloride (Bland, 1956; Campbell, Dickinson & Slater, 1960; Conzolazio, Johnson & Pecora, 1963) . The electrolyte content of stool is related to the water content (Peters, 1935) and for sodium is normally below 50 mEq/l (Shohl, 1939) .
Sodium lost in visible sweat as opposed to insensible perspiration is within the limits of 15-100 mEq/l (Peters & Van Slyke, 1931; Black, 1953; Ahlman et al., 1953; Bland, 1956; Baron, 1957; Conzolazio et al., 1963; Statland, 1963; Taylor, 1965) . A mean figure based on these observations was used by the writer and is given in Table 3 with other corrections.
Daily nitrogen losses in the sweat are related to the volume of sweat but bear no clear relationship to the amount of nitrogen in the diet (Bost & Borgstrom, 1926) . Normal daily nitrogen losses amount to about 0.3 g (Graham & Poulton, 1912) .
Stool nitrogen loss depends on several factors, but with formed stools is about 1.3 g/day (Peters & Van Slyke, 1932; Thompson & King, 1959) .
Projects studied by the author
The work presented here is primarily concerned with the application of external metabolic balance methods to the day-to-day management of patients with serious illnesses, and to the design of suitable naso-gastric or intravenous feeding schemes which would provide optimum nutrition.
Clearly, for maximum use such methods must be capable of supervision by nursing staff, and require a minimum of laboratory analysis. The criterion of adequate metabolic care was taken as a state of balance for the variables measured; 'a state of balance was accepted when the difference between the intake and urinary excretion lay within the range of predicted losses from the gut, skin and lungs' (Peaston, 1966b (Jones, 1916) and followed by the standard intragastric milk drip (Winkelstein, 1933 (Pollack & Halpern, 1952 (Jones & Peaston, 1966) . If this diet is used for external metabolic balance studies, food analysis is required to determine the intake and the laboratory work increases several fold.
Intragastric feeding in severe illness
When feeding by the above scheme is not possible and there are no contra-indications to intragastric feeding, the only adequate route is via a naso-gastric (Jones & Sechiari, 1963; Jones & Peaston, 1966; Peaston, 1966c) and to the management of patients with other acute illnesses such as haematemesis from peptic ulcer (Ashby, Anderson & Peaston, 1963) .
Design of the experiments
The first external balance studies were made on control subjects given the liquid diet of Jones & Sechiari (1963) . It was postulated that if this diet (A) was not adequate to maintain metabolic balance in healthy active controls, it would be inadequate for severely ill patients. The diet A proved to be unsatisfactory and a second diet (B) was designed and tested on controls and patients.
Patients and controls Seven healthy young adults, aged 25-43 years (five male and two female) received diet A, and seven further normal subjects, aged 16-43 years (four male and three female) received diet B. The modified diet B was next given to twenty patients, aged 25-72 years, admitted to the Intensive Care Unit. Eleven of the patients had severe pulmonary infection and fifteen required IPPV for a mean time of 6 5 days. Thirteen of these cases required tracheostomy. The patients are tabulated in Table 4 .
Materials and methods
In diet A 100 g of Complan (Glaxo) and 50 g of lactose were mixed with water to a total volume of 1 litre. The composition of Complan is given in Table 5 . Three litres of this mixture were given per 24 hr as hourly aliquots of 125 ml syringed down a naso-gastric tube. The composition of the two feeds is shown in Table 6 , and their constituents shown in Table 7 . In diet B, the composition was 100 g of Complan, 100 g of glucose and 3 g of methylcellulose (Celevac) per litre. Since methylcellulose is In my study, investigation of the cause of the diarrhoea was less important than the design of a diet free from this complication. The modifications were therefore introduced simultaneously instead of consecutively. Since using the diet B the incidence of diarrhoea in patients fed intragastrically during IPPV has fallen from 20% to less than 5 %.
The increase in calories was almost certainly responsible for the change in nitrogen balance in the controls and indicated the importance of a generous calorie supply in severe illness. The addition of salt was felt advisable from examination of the sodium balances on diet A. From these control results it is seen that with an intake of sodium of 66 mEq/24 hr, a negative balance for sodium was found, whereas with the addition of an extra 50 mEq/day a state of balance for sodium was found. The results obtained when this diet was given to the patients indicated that it was a satisfactory method of maintaining metabolism, except in cases of severe trauma or sepsis which were associated with a hypercatabolic state. These patients constitute less than 5 % of the admissions to the Intensive Care Unit. Preliminary investigations of this group suggest that it may only be possible to reduce the catabolism in these patients rather than to maintain a metabolic balance.
It (Moore, 1959) . The intravenous 'feeding' referred to above tends merely to provide an even larger ocean in which the unfortunate subject is invited to dissolve. Even after uncomplicated cholecystectomy large negative nitrogen balances of 12 g/24 hr are found (Wadstrom & Wiklund, 1964) . It has been suggested that the catabolic response to surgery and trauma should not be prevented by the infusion of intravenous protein hydrolysates (Moore & Ball, 1952; Cuthbertson, 1954; Davidson & Passmore, 1966 ). This idea is probably based on work which suggested that the catabolic response was physiological and a result of adaptation to a high nitrogen turnover (Werner, 1948) . It was also claimed that the resulting negative nitrogen balance could not be made positive by an adequate diet (Cuthbertson, 1942) . It seems reasonable to point out that a metabolic response to illness or trauma can hardly be 'physiological' since both illness and trauma are pathological. Furthermore it has been admitted that part of the catabolic response was due to a low calorie diet (Werner, 1948) and could be abolished or considerably diminished by the provision of adequate calories and nitrogen (Meyer et al., 1947; Riegel et al., 1947) . The catabolic response to surgery depends on the nutritional state of the patient (Peters, 1957) and the diet before operation (Cuthbertson, 1942) and can therefore be modified by treatment. Blood transfusion has been excluded as a contributing factor (Flear & Clarke, 1955; Timoner et al., 1959) and trauma itself is only one of the causes, since non-traumatic illness produces a similar, if smaller, response (Cuthbertson, 1934) .
To meet the demands for calories and nitrogen during serious illnesses requiring parenteral nutrition, we have used a fat emulsion and amino-acid solutions.
Fat emulsions
Since fat has a high caloric ratio of 9:1 and does not exert an osmotic pressure, it is theoretically possible to give a large number of calories intravenously in a relatively small fluid volume without causing thrombophlebitis. The need for such a material was emphasized by Moore-'the perfection of intravenous fat emulsions for use in surgical patients has been an objective sought for at least 15 years. It is now a reality' (Moore, 1959) . Although the need has been recognized, the difficulty has been to produce an emulsion of small particle size without toxic effects. Extensive studies on fat emulsions derived from cotton-seed and soya bean oils were originally performed on dogs (Collins et al., 1948; Mann et al., 1948; Meng & Freeman, 1948; Meng & Early, 1949; Levine et al., 1957; Wretlind, 1957; Meyer et al., 1957; Edgren, 1960; Singleton et al., 1960; Oro & Wretlind, 1961) . Subsequent clinical and balance studies were made on surgical patients (Gorens et al., 1949; Mann et al., 1949; Jordan, Wilson & Stuart, 1956; Beal et al., 1957; Becker & Buxbaum, 1957; Bozian et al., 1957; Ellison & Mueller, 1957; Glas & Birkelo, 1957; Krieger etoal., 1957; Lehr et al., 1957; Levey et al., 1957; Levine et al., 1957; Mueller, 1957; Smith, 1957; Upjohn, Creditor & Levenson, 1957; Waddell et al., 1957; Preston & Henegar, 1959; Cohn et al., 1960; Hartwig et al., 1961; Lehr et al., 1962; Schuberth & Wretlind, 1962; Freuchen & Ostergaard, 1964; Schuberth, 1964; Wadstrom & Wiklund, 1964 (Meng, Cress & Youmans, 1956; Becker & Buxbaum, 1957; Ellison & Mueller, 1957; Forbes, 1957; Jordan, 1957; Levey et al., 1957; Levine et al., 1957; Preston et al., 1957; Smith, 1957; Waddell et al., 1957; Watkin, 1957; Thompson, Johnson & Forbes, 1958; Forbes, Allen & Gray, 1959; Kaley, Meng & Bingham, 1959; Hartwig et al., 1961; Oro & Wretlind, 1961; Wretlind, 1964) . In general it seems that the original cottonseed oil emulsions caused a much higher incidence of acute toxic reactions than did soya bean oil emulsions, although this was attributed to the preserving agent gossypol (Wretlind, 1964) which is no longer used. By 1957 it was concluded that the improved cottonseed oil emulsions were sufficiently safe for clinical use (Metabolism, 1957) and a similar conclusion was reached for a soya bean oil emulsion (Schuberth, 1964 (Christensen et al., 1955; Peaston, 1966b) . Infusions of amino-acids do not cause a significant increase in the excretion of amino nitrogen (Brocard, Akoun & Fabiani, 1964; Peaston, 1966b) . The urinary nitrogen output is greater with protein hydrolysates than with plasma infusions (Levine et al., 1957) but this does not mean that plasma is a better source of nitrogen. The suggestion (Christensen et al., 1955) that the (Cori, 1926; Weichselbaum, Elman & Lund, 1950; Miller et al., 1952; Albanese et al., 1952 Albanese et al., , 1954 Christensen et al., 1954; Forsyth et al., 1955; Michon, Larcan & Vert, 1960) . The reasons for using fructose rather than glucose have been well set out by Thoren (1963) . Although the metabolic properties of sorbitol were studied some years ago (Todd, Myers & West, 1939; Seeberg, McQuarrie & Secor, 1955) it is only recently that it has received widespread interest as an agent for parenteral nutrition.
The nitrogen-sparing effect of ethanol has been known since the last century (Atwater & Benedict, 1897) . In small concentrations ethanol increases tissue oxygen uptake (Perman, 1962) and carbohydrate, especially fructose (Pletscher, Bernstein & Staub, 1952) increases the oxidation rate of alcohol (Carpenter & Lee, 1937) . Hence the use of low concentrations of ethanol helps to supply more calories by the intravenous route.
The value of using a combination of amino-acids, fructose and ethanol as a source of both calories and nitrogen is thus based on the protein-sparing action of the carbohydrates, and the fact that a deficiency in calories exerts not only an increased fat conversion but also catabolism of amino-acids, which are therefore not available to repair the increased breakdown of the lean muscle mass. Furthermore, since all the non-essential amino-acids are glucogenic, they can contribute both to the available peripheral glucose and spare the essential amino-acids for tissue repair. It is therefore rational to give amino-acids and sugar solutions together. This does not increase the total nitrogen excretion but reduces plasma levels of amino-acids and peptides (Christensen et al., 1955) , a finding which suggests an improved tissue utilization of the infused amino-acids. The importance of supplying potassium in such sugar and amino-acid solutions has been emphasized by Frost & Smith (1953) who found the optimum potassium load to be 5 mEq/g of infused aminoacid nitrogen. Daily vitamin supplements are also required and can be added to the solutions of amino-acids.
Design of an intravenous diet
The materials used for this study were a fat emulsion prepared from soyabean oil, amino-acid ; group.bmj.com on June 19, 2017 -Published by http://pmj.bmj.com/ Downloaded from preparations, potassium chloride and vitamins. The fat and amino-acid solutions used are given in Table 9 .
Methods
Eighteen patients with a variety of serious illnesses were studied. The criterion of good nutrition was a balance for water, electrolyte and nitrogen. The patients are shown in Table 10 . The first diet contained 8.5 g of amino-acid nitrogen, and this was subsequently modified to give larger amounts of nitrogen (Table 11 ). When the third intravenous Complan-glucose diet 12-0 9.9 +2-1 2-3 7-6 1-1 8-7 88 diet had been designed, a comparison was made between this diet, the Complan-glucose tube feed, and the intravenous diet given via the naso-gastric tube.
Results
The balance data on the three intravenous diets are shown in Table 12 . It can be seen that the first two diets gave a negative corrected nitrogen balance but the third diet (diet C) achieved a small positive nitrogen balance. The results in terms of loss of the lean muscle in grams per day is also given. The comparison between diet C given intravenously or intragastrically and the Complanglucose diet is shown in Table 13 .
From these data it can be concluded that in a variety of serious illnesses it is possible to achieve a state of metabolic balance for nitrogen and electrolyte by an adequate intravenous diet. This conclusion does not apply to patients with severe trauma, sepsis or hypercatabolic renal failure. In severe hypercatabolism, diet C may only halve the nitrogen losses but will still preserve the muscle mass for twice as long as conventional methods of intravenous feeding. The materials used are also capable of reducing catabolism, as shown by the reduction of catabolic urinary nitrogen (Table 13 ) without an increased total urinary nitrogen. The intravenous diet C compared favourably with the Complan-glucose diet, which has already been shown capable of maintaining metabolic balance during serious illness.
There are three limitations to the use of such materials. These are the high incidence of thrombophlebitis, the high sodium content of the aminoacid solutions, and the high cost. The incidence of thrombophlebitis has been reduced by the simultaneous infusion of fat and amino-acids through a Y-shaped connector. The bottles are given in pairs over 8-hr periods (Table 14) . A further improvement was obtained by changing the infusion site every 24-48 hr. The high sodium content of the aminoacid solutions is due to the sodium hydroxide used in manufacture. At the present time we have to add potassium chloride to the infusion. More satisfactory electrolyte concentration would result if three parts of sodium hydroxide to one part of potassium hydroxide were used during manufacture. Although an awareness that acid-base changes may be associated with many diseases dates into the last century, it is only recently that apparatus suitable for routine clinical use has become available.
Before this time a full understanding of the acid-base state had been worked out by the pioneers in this field (Van Slyke & Cullen, 1917; Van Slyke, 1921; Peters et al., 1926) . It was soon appreciated that the measurement of three variables was necessary to describe the acid-base state of whole blood (Hasselbalch,, 1916; Peters & Van Slyke, 1932) and that large and rapid changes in two variables could be due to a change in the respiratory component (Henderson & Greenberg, 1934) . In recent years the work of Astrup and Siggaard-Andersen has clarified the interpretation of acid-base measurements and produced robust and reliable measuring equipment. The variables required are the pH, Paco2 and the base excess or deficit (Siggaard-Andersen, 1964 (Barcroft, 1934; Laue, 1951; Hall, 1960) . Alternatively, electrodes may be used for direct estimation of Paco2 (Severinghaus & Bradley, 1958; Mendel, 1960) . From the measurements of pH and Paco2 the base deficit or excess can be estimated from nomograms constructed from experimental determinations (Siggaard-Andersen, 1962) .
From the therapeutic standpoint, metabolic acidosis is the important acid-base change which requires early detection, monitoring and prompt correction. Although the effects of acidosis are numerous, the two important susceptible organs are the heart and the kidneys. Acidosis has a direct depressant effect on myocardial function. Although acidosis following cardiac infarction has only recently been observed (MacKenzie et al., 1964 ) the acidosis which follows circulatory arrest was recognized earlier. It has long been realized that reduced tissue perfusion with hypoxaemia leads to a metabolic acidosis by changing cell respiration from aerobic glycolysis (Bogue, Evans & Gregory, 1939; Huckabee, 1958) . Resuscitation from cardiac arrest is more difficult when an acidosis is present (Dodds & Brummitt, 1963) , whereas its prior correction assists considerably the resuscitative measures (Ledingham & Norman, 1962; Stewart, Stewart & Gillies, 1962) . The prognosis of myocardial infarction is related to the severity of metabolic acidosis (Neaverson, 1966 ). This in turn may relate to the severity of hypoxaemia, the correction of which is probably essential to improve the prognosis in myocardial infarction with cardiogenic shock (Peaston, 1966a (Mellemgaard & Astrup, 1960) .
There is no advantage in the use of sodium lactate to correct metabolic acidosis, particularly when in some patients there is already a lactic acidaemia (Huckabee, 1961 Changes in the acid-base state arise more rapidly than do those offluid, electrolyte or nitrogen balance, and frequent arterial blood sampling is necessary to control it. The frequency of the estimations depends largely on variations in ventilation rather than on the metabolic state. In many serious illnesses, particularly in respiratory failure due to crushing injuries of the chest, status epilepticus or status asthmaticus, respiratory treatment takes precedence over metabolic care. Equally, however, attempts to ventilate the hypovolaemic subject nearly always lead to systemic hypotension, impaired renal function, and further metabolic problems. The importance of maintaining metabolism and particularly the hydration of such patients has been stressed elsewhere (Ambiavagar et al., 1966; Ambiavagar & Jones, 1967; Riding, 1967) . If adequate oxygenation is preserved, then the resultant additional metabolic complications of tissue hypoxia are avoided, and metabolic acidosis is prevented.
Total metabolic care thus depends largely on adequate nutrition, good tissue perfusion and the maintenance of ventilation. If these are maintained at optimum levels, the environment for recovery from a critical illness has been preserved. DAHLQVIST 
